Introduction
Although the incidence of gastric cancer (GC) is declining, it remains the second most common cause of cancer-associated mortality worldwide (1) (2) (3) . Dysregulation of numerous oncogenic signaling pathways, including E2F, K-RAS, p53 and Wnt/β-catenin, occurs frequently in GC (4-7), thus suggesting that GC is a molecularly heterogeneous disease. Non-resectable or metastatic GC is associated with poor prognosis, and systemic chemotherapeutic approaches provide minimal benefit (8, 9) . Therefore, there is a significant need to develop novel therapeutic approaches for the systemic therapy of this disease.
Cancer is a disease associated with dysregulated proliferation; therefore, compounds that induce cell cycle are promising candidates for the treatment and prevention of malignancy. Progression through the cell cycle is driven by cyclin-dependent kinases (CDKs) in cooperation with cyclins, which can be specifically inhibited by CDK inhibitors (10) . Previous studies have detected aberrant coactivation of CDK4-cyclin D1 or CDK4/CDK6-cyclin D2 in GC (11) (12) (13) .
PD0332991 (also known as palbociclib and Ibrance ® ) is an orally available small molecule that potently and specifically inhibits CDK4/6 in a reversible manner (4, 10, 14) . It has emerged as a promising agent for cell cycle-based therapy, due to its ability to rapidly and specifically inhibit CDK4 and CDK6 activity. In breast cancer, PD0332991 exhibited marked effects and was recently approved by the US Food and Drug Administration (FDA) to treat advanced breast cancer (15) (16) (17) . Its effects have also been detected in other tumor types, including primary human multiple myeloma cells (5, 10) , solid tumor cell lines (4), mantle cell lymphoma and acute myeloid leukemia cells (7, 10, 18) . However, its effects on GC remain to be determined.
The present study investigated whether PD0332991 exerts anticancer activity in GC cells and the underlying molecular mechanisms. The results indicated that PD0332991 could effectively inhibit proliferation in all tested GC lines. Furthermore, according to the results of a protein pathway array (PPA), several unknown downstream targets of PD0332991 were identified in GC. supplemented with 10% FbS (Gibco). HS746T (gastric carcinoma) were cultured in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% FbS (Gibco). All media were also supplemented with 100 U/ml penicillin and 100 µg/ml streptomycin. All cell lines were cultured at 37˚C in a humidified incubator containing 5% CO 2 .
Antiproliferative effects of the CDK6 inhibitor PD0332991 and its effect on signaling networks in gastric cancer cells
Cell viability assay. Cell viability of GC cells was monitored using the MTT assay (Sigma-Aldrich). Approximately 5x10 3 cells were seeded in each well of a 96-well plate and were incubated for 24 h at 37˚C. Cells were left untreated, or were treated with various concentrations of PD0332991 or 5-FU for 72 h at 37˚C. Subsequently, 10 µl MTT (5 mg/ml) was added to each well and the cells were incubated for an additional 3 h, after which the supernatant was discarded. Finally, 100 µl DMSO was added to the wells to dissolve the precipitate. Optical density was measured at a wavelength of 570 nm using an ELx800 (bioTek Instruments, Inc., Winooski, vT, USA).
Flow cytometric analysis. Cells were treated with PD0332991 in a dose-dependent manner for 72 h. The cells were then washed, centrifuged at 1,000 rpm for 10 min, fixed with cold 70% ethanol for ≥30 min, and incubated with 100 µg/ml RNase A and 50 µg/ml propidium iodide at room temperature for 30 min. Samples were immediately analyzed by flow cytometry (bD biosciences, San Jose, CA, USA) and cell cycle phase distribution was determined using CellQuest Pro software version 5.1 (bD biosciences, Franklin Lakes, NJ, USA).
Western blotting. Cells were lysed using 1X cell lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, USA) containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA-Na 2 , 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na 3 vO 4 and 1 µg/ml leupeptin in the presence of 1X Protease Inhibitor Cocktail and 1X Phosphatase Inhibitor Cocktail (both from Roche Applied Science, Madison, WI, USA). Protein concentration was determined using the Pierce bicinchoninic Acid (bCA) Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Equal amounts of cell lysate (20 µl, 1 µg/µl) were then subjected to 10% SDS-PAGE under reducing conditions. Prior to loading onto the gel, all lysates were boiled for 5 min and immediately cooled on ice. The proteins were then transferred onto Immobilon-P membranes (EMD Millipore, billerica, MA, USA) previously soaked in methanol and transfer buffer using the Trans-blot SD semi-dry transfer cell (bio-Rad Laboratories, Inc., Hercules, CA, USA). Following completion of the transfer process, the membranes were allowed to dry, soaked in methanol, and incubated with blocking buffer [5% dry non-fat milk in 1X TbS-0.1% Tween-20 (TbST)] for 1 h at room temperature. Membranes were then incubated with primary antibodies against phosphorylated (p)-retinoblastoma (Rb) (Ser780) (1:1,000; #9307; Cell Signaling Technology, Inc.), CDK6 (1:1,000 sc-177; Santa Cruz biotechnology, Inc., Dallas, TX, USA), Cyclin D1 (1:1,000; sc-718; Santa Cruz biotechnology, Inc.), P53 (1:1,000; sc-126; Santa Cruz biotechnology, Inc.), P27 (1:1,000; sc-528; Santa Cruz biotechnology, Inc.) and β-actin (1:10,000; #A5316; Sigma-Aldrich; Merck KGaA), overnight at 4˚C. The membranes were washed with 1X TbS and 1X TbST, and were incubated with secondary anti-rabbit (#1705046) or anti-mouse (#1705047) antibodies conjugated with horseradish peroxidase (HRP) (1:10,000; bio-Rad Laboratories, Inc.) for 1 h at room temperature. The membrane was developed using a chemiluminescence substrate (Immun-Star™ HRP Peroxide buffer/Immun-Star™ HRP Luminol Enhancer; bio-Rad Laboratories, Inc.), and chemiluminescent signals were captured using the ChemiDoc XRS system (bio-Rad Laboratories, Inc.). The signal intensity of each protein was determined by densitometric scanning (Quantity One software package version 4.6.2; bio-Rad Laboratories, Inc.).
PPA. Cells were treated with PD0332991 at 75% inhibitory concentration (IC 75 ) for 48 h. Total cellular proteins were extracted from cells using cell lysis buffer (Cell Signaling Technology, Inc.) containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA-Na 2 , 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na 3 vO 4 and 1 µg/ml leupeptin in the presence of 1X Proteinase Inhibitor Cocktail and 1X Phosphatase Inhibitor Cocktail (both from Roche Applied Science). The cell lysates were sonicated twice for 15 sec, and centrifuged at 18,000 x g for 30 min at 4˚C. The protein concentration was determined using the bCA Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.). Isolated proteins were separated by 10% SDS-PAGE. Cell extract containing 300 µg protein was loaded into one well across the entire width of the gel. After running the gel, the proteins were electrophoretically transferred to a nitrocellulose membrane. Subsequently, the membrane was blocked for 1 h with 5% milk or 3% bovine serum albumin (bSA; Thermo Fisher Scientific, Inc.)
at room temperature. The membrane was then clamped with a western blotting manifold in order to isolate 20 channels across the membrane (bio-Rad Laboratories, Inc.). Two or three primary antibodies were added to each channel and allowed to bind to proteins overnight at 4˚C. Different sets of antibodies were used for each membrane (Table I ). The blot was washed and hybridized for 45 min with horseradish peroxidase-conjugated secondary antibodies [1:10,000; ant-rabbit (#1705046) and anti mouse (#1705047); bio-Rad Laboratories, Inc.] at room temperature. The membranes were washed and chemiluminescence signals were captured using the ChemiDoc XRS system (bio-Rad Laboratories, Inc.). Differences in protein level were estimated by densitometric scanning (Quantity One software package version 4.6.2; bio-Rad Laboratories, Inc.) and were normalized using internal standards.
Statistical analysis. All experiments were biologically repeated three times. PPA was performed in duplicate. Data are expressed as the means ± SD. Statistical comparisons of results were made using one-way analysis of variance by SPSS 17.0. P<0.05 was considered to indicate a statistically significant difference. The human pathway lists from PPA data determined by the 'Ingenuity System Database' were selected (Qiagen, Inc., valencia, CA, USA). Ingenuity Pathway Analysis (IPA) is a system that transforms large data sets into a group of relevant networks containing direct and indirect relationships between genes based on known interactions in the literature. The gene names of differentially expressed proteins were input into the IPA system. According to IPA, a score of 3 indicates that there is a 1/1,000 chance that the focus genes are in a network due to random chance; therefore, scores >3 have a 99.9% confidence of not being generated by random chance. This score was used as the cut-off for identifying gene networks that were significantly affected by the drug. Differentially expressed proteins were mapped to canonical pathways, functions and tested by the Fisher's exact test. Significance threshold was set at P= 0.001.
Results

PD0332991 inhibits growth of GC cells.
To determine whether PD0332991 inhibits proliferation of GC cells, AGS, KATO-Ⅲ, NCI-N87 and HS756T cells were treated with varying concentrations of PD0332991 (0.2-25 µm) for 72 h and cell proliferation was measured by the MTT assay. The inhibitory rate of PD0332991 was determined as a percentage of viable cells in treated cultures compared with control cells. As shown in Fig. 1, PD0332991 inhibited proliferation of GC cells Antibodies specific for phosphorylation in a dose-dependent manner, with a 50% inhibitory concentration (IC 50 ) value of 12 µM in AGS cells, 5.0 µM in KATO-Ⅲ cells, 13 µM in NCI-N87 cells and 11 µM in HS756T cells. The IC 50 value was calculated from nine independent experiments. These results indicated that PD0332991 may inhibit the growth of GC cells.
PD0332991 increases the efficiency of 5-FU in GC cells.
The present study demonstrated that proliferation of AGS, KATO-Ⅲ, NCI-N87 and HS746T cells was significantly reduced by PD0332991 (Fig. 1) . Therefore, the present study subsequently examined whether PD0332991 affects the response of GC cells to 5-FU. Cells were treated with increasing concentrations of 5-FU (5-60 µM), alone or in combination with PD0332991 (at a concentration lower than IC 50 ). The results demonstrated that PD0332991 enhanced the proliferation-inhibiting effects of 5-FU (Fig. 2) . As presented in Fig. 3 , the IC 50 value of 5-FU was significantly decreased by PD0332991 in all GC cell lines. The inhibitory effects of the combination of PD0332991 and 5-FU were stronger than the expected additive effects in all cell lines, thus suggesting that PD0332991 and 5-FU synergize. Taken together, these findings indicated that PD0332991 not only inhibits proliferation of GC cells, but also enhances the cytotoxic effects of 5-FU, a common chemotherapeutic drug used to treat GC. (Fig. 4, Table Ⅱ ). These results suggested that the antiproliferative effects of PD0332991 may be due to cell cycle arrest.
PD0332991 inhibits Rb phosphorylation in GC cells on CDK6-specific sites.
The present study demonstrated that PD0332991 induces G 1 arrest in GC cell lines (Fig. 4) . PD0332991 is a potent and highly selective inhibitor of CDK6/4 kinase activity; the only known substrates for CDK4/6 are the Rb family proteins. Of the 16 known phosphorylation sites on Rb, two are specifically phosphorylated by CDK4/6: Ser780 and Ser795. Therefore, phosphorylation status of Rb at these specific sites represents an appropriate biomarker for the activity of CDK4/6 in tumor cells and tissues. To determine the inhibitory effects of PD0332991 on CDK6 in GC cells, the four GC cell lines were treated with PD0332991 for 48 h. The results demonstrated that PD0332991 did not alter the expression levels of CDK6; however, it did significantly inhibit phosphory- lation of Rb on Ser780 (Fig. 5A ). These findings confirmed that PD0332991 may potently inhibit CDK4/6 activity in GC cells.
The present study also investigated the effects of PD0332991 on other proteins involved in G 0 /G 1 cell cycle arrest. KATO-Ⅲ cells were treated with various doses of PD0332991 (0, 0.2, 1, 5 and 25 µM) for 72 h. The ratio of signal intensity for each protein was compared with β-actin.
As shown in Fig. 5B and C, treatment of KATO-Ⅲ cells with PD0332991 resulted in a marked decrease in the expression of cyclin D1. In addition, PD0332991 induced the expression of p53 and p27 in GC cells in a dose-dependent manner (Fig. 5B,  D and E) . These results suggested that p53 and p27 may be associated with the ability of PD0332991 to induce G 0 /G 1 arrest in GC cells. Table Ⅱ . Results of cell cycle analysis in cell lines following treatment with PD0332991, as determined using flow cytometry. 
Cell cycle phase -----------------------------------------------------------------------------------------------------------------------------------------
Cell line PD0332991 (µM) SubG 1 (%) G 0 /G 1 (%) S (%) G 2 /M (%)
Effects of PD0332991 on the expression of signaling proteins in GC cells.
To further identify the molecular mechanisms by which PD0332991 initiates G 0 /G 1 arrest in GC cells, the four GC cell lines were treated with PD0332991 (IC 75 ) for 48 h. Subsequently, protein expression patterns were analyzed using PPA analysis.
Proteins that exhibited a >2-fold alteration in expression in response to PD0332991 were considered differentially expressed. A total of 43 proteins were revealed to be differentially expressed in AGS cells (Fig. 6A) , 32 in KATO-Ⅲ cells (Fig. 6b) , 29 in NCI-N87 cells (Fig. 6C ) and 39 in HS746T cells (Fig. 6D) ). Notably, a large number of genes regulating cell proliferation and cell cycle progression were downregulated by PD0332991.
Identification of biological pathways modulated by PD0332991
in GC cells. The present study further analyzed the PD0332991 target proteins, in order to determine key biological pathways modulated by PD0332991 treatment. IPA was performed on 31 proteins that were targeted by PD0332991 in GC cell lines. Five networks were revealed to be altered by PD0332991. The top three networks were mainly associated with cell death, cell cycle and molecular mechanism of cancer (Fig. 7) . The results of IPA also indicated that PD0332991 target proteins are involved in numerous canonical signaling pathways, including molecular mechanisms of cancer (P=6.06x10 -17 ), p53 signaling (P=1.46x10 -11 ), phosphatidylinositol 3-kinase (PI3K)/protein kinase b (PKb) (PI3K/AKT) signaling (P=1.07x10 -10 ), apoptosis signaling (P= 4.58x10 -10 ), phosphatase and tensin homolog signaling (P=3.55x10 -8 ), 14-3-3-mediated signaling (p=1.14x10 -7 ), Janus kinase/signal transducer and activator of transcription signaling (P=2.04x10 -7 ), cell cycle: G 2 /M DNA damage checkpoint regulation (P=1.52x10 -6 ), epidermal (Fig. 7) .
Discussion
PD0332991, a pyrido [2,3-d] pyrimidin-7-one inhibitor, is a selective inhibitor of CDK4 and CDK6 (6) that has been reported to inhibit the growth of a panel of Rb-positive solid tumor cell lines (5, 7) . Recently, PD0332991 was approved by the FDA to treat advanced breast cancer. The present study demonstrated that PD0332991 exerts potent antiproliferative activity in human GC cells. Consistent with the established role of CDK4/6 in cell cycle progression, PD0332991 induced G 0 /G 1 arrest, and reduced phosphorylation of Rb at the CDK4/6-specific Ser780 site. Accordingly, the levels of cyclin D1 were decreased, whereas the expression levels of p27 were increased following treatment with PD0332991.
The combination of targeted therapeutic agents with cytotoxic chemotherapy has become a standard therapeutic strategy for the treatment of numerous types of cancer. 5-FU is a major chemotherapy drug used to treat GC. In the present study, cells were cotreated with PD0332991 and 5-FU; the results demonstrated that PD0332991 increased the cytotoxic effects of 5-FU on all four GC cell lines.
Using large scale proteomic analysis, the present study identified numerous proteins that were altered in GC cells upon treatment with PD0332991. Data analysis demonstrated that PD0332991 altered the expression of proteins involved in the regulation of cellular development, cell death, cell cycle, cell growth and proliferation, and cell migration. Proteins regulated by PD0332991 were involved in several canonical pathways, including molecular mechanism of cancer, p53 signaling and PI3K/AKT signaling, Ras-ERK pathway, JNK/MAPK pathway, Wnt/β-catenin pathway and Smad signaling (Fig. 7) .
c-Jun is a transcription factor, which serves a role in the development of skin and liver tumors (18, 19) . c-Jun is a positive regulator of cell proliferation, and c-Jun-deficient fibroblasts exhibited marked defects in proliferation in vitro (20) (21) (22) . In addition, the proliferation of c-Jun-deficient hepatocytes is severely impaired during liver regeneration in vivo (20) . The c-Jun protein is acti- vated by JNKs (23) . Subsequently, the activated c-Jun-containing activator protein-1 complex induces transcription of positive regulators of cell cycle progression, including cyclin D1, or suppresses negative regulators, including the tumor suppressor p53 and the CDK inhibitor INK4A. c-Jun can also cooperate with activated Ras (24) . The present study demonstrated that following treatment with PD0332991, H-Ras, p-c-Jun and cyclin D1 were downregulated, whereas p53 was upregulated in GC cells. These alterations suggested that the Ras/Jun pathway may participate in PD0332991-induced growth inhibition and cell cycle arrest.
Hyperactivation of the Wnt/β-catenin pathway may lead to aberrant cell growth (25) in various types of cancer. The present study demonstrated that the expression levels of p-catenin and unphosphorylated-catenin were decreased in GC cell lines following treatment with PD0332991. Consistent with this finding, the expression levels of cyclin D1, a target of Wnt signaling, were also inhibited by PD0332991, thus suggesting that PD0332991 may inhibit growth of GC cells by inhibiting Wnt/β-catenin signaling. Furthermore, the expression levels of p-Smad were decreased in GC cells following treatment with PD0332991, which may also contribute to the growth inhibition of GC cells.
The transcription factor p53 is a critical component in the normal cell response to cellular stress, including DNA damage, oncogenic stimulation, nutrient deprivation or hypoxia (26) . Its role as a tumor suppressor is exemplified by the fact that numerous types of cancer are associated with selective inactivation of p53 and/or p53 pathways. p53 serves a critical role during the DNA damage-induced G 1 /S cell cycle checkpoint; p53-deficient cells fail to undergo G 1 /S arrest in response to genotoxic stress (27) (28) (29) . The present study demonstrated that PD0332991 induced p53 expression, which may underlie the ability of PD0332991 to induce G 1 /S arrest in GC cells.
AKT protects cells from apoptosis by phosphorylating downstream target proteins involved in the regulation of cell growth and survival, including glycogen synthase kinase-3β, p21, p27, X-linked inhibitor of apoptosis protein, b-cell lymphoma 2-associated death promoter and forkhead box O3α (30) . Suppression of AKT activity has been reported to lead to p53 activation, which in turn may lead to growth arrest and activation of proapoptotic signaling pathways (31) . The present study indicated that following treatment with PD0332991, AKT was downregulated, and p53 and p27 were upregulated, thus suggesting that the PI3K/AKT pathway may have an important role in the effects of PD0332991 on GC cells.
In conclusion, the present study demonstrated that PD0332991 inhibits cell proliferation via modulation of cell cycle progression, and that numerous signaling pathways are regulated by PD0332991. These results suggested that PD0332991 may be considered a promising preventive and therapeutic agent for the treatment of GC.
